Shigella flexneri is a Gram-negative anaerobic bacterium that causes highly infectious bacterial dysentery in humans. Here, we solved the crystal structure of SF216, a hypothetical protein from the S. flexneri 5a strain M90T, at 1.7 A resolution. The crystal structure of SF216 represents a homotrimer stabilized by intersubunit interactions and ion-mediated electrostatic interactions. Each subunit consists of three b-strands and five a-helices with the b-b-b-a-aa-a-a topology. Based on the structural information, we also demonstrate that SF216 shows weak ribonuclease activity by a fluorescence quenching assay. Furthermore, we identify potential druggable pockets (putative hot spots) on the surface of the SF216 structure by computational mapping.
Shigella flexneri is a Gram-negative anaerobic bacterium that causes highly infectious bacterial dysentery in humans. Here, we solved the crystal structure of SF216, a hypothetical protein from the S. flexneri 5a strain M90T, at 1.7 A resolution. The crystal structure of SF216 represents a homotrimer stabilized by intersubunit interactions and ion-mediated electrostatic interactions. Each subunit consists of three b-strands and five a-helices with the b-b-b-a-aa-a-a topology. Based on the structural information, we also demonstrate that SF216 shows weak ribonuclease activity by a fluorescence quenching assay. Furthermore, we identify potential druggable pockets (putative hot spots) on the surface of the SF216 structure by computational mapping.
Keywords: homotrimeric structure; ribonuclease activity; Shigella flexneri Because protein function is closely associated with its structure, the structural genomics, which aims for solving structures of all genome-encoded proteins including functionally uncharacterized or hypothetical ones, has emerged as a powerful tool for structure-based functional identification of the corresponding genes/ proteins [1] . In addition, structural genomics has contributed to identifying novel protein folds and potential targets for drug discovery [2, 3] . Structural information of a drug-target protein, in turn, can aid in specific pharmacophore identification and appropriate drug design [4] [5] [6] . In this context, structural genomics projects have been world widely attempted against various human pathogenic bacteria such as Mycobacterium tuberculosis [7, 8] and Helicobacter pylori [9] , in expectation of identifying a novel fold and/or a drug target.
We have also initiated a laboratory-scale structural genomics study targeting a pathogen Shigella flexneri, which causes shigellosis, one of the most communicable bacterial dysenteries [10] . Although antibiotics are typically used to treat shigellosis, some Shigella species are resistant to antibiotics [11, 12] . Furthermore, a vaccine for prevention of Shigella infection is not currently available. Due to such an important relationship with human diseases, S. flexneri has been extensively studied, including complete genome sequencing form the S. flexneri 5a strain M90T [13] . Among our selected target genes in the S. flexneri 5a M90T genome, SF5M90T_216 is a particularly interesting one as it is Abbreviations BLAST, basic local alignment search tool; CSs, consensus sites; IPTG, isopropyl-b-D-1 thiogalactopyranoside; MALS, multi-angle light scattering; PDB, protein data bank; RFU, relative fluorescence; SEC, size exclusion chromatography; TCEP, tris(2-carboxyethyl)phosphine.
highly conserved in Gram-negative bacteria, but not in Gram-positive bacteria. Its corresponding hypothetical protein, SF216, is 136 amino acids long as a monomer and its amino acid sequence appears even with 100% identity to many other orthologues (Fig. 1A) . Such a genomic conservation often implies that its corresponding product may play a critical role in survival and/or pathogenesis of the bacteria. However, none of the SF216-homolog proteins have been characterized in structure or in function. Meanwhile, interestingly, our bioinformatics analysis on the bacterial protein SF216 to search for its sequence homology found that approximately half of the protein shares a significant sequence identity (41%) and similarity (62%) with an eukaryotic protein Nop53 domain (Fig. S1 ). Nop53 has been identified as a novel nucleolar 60S ribosomal subunit biogenesis protein involved in the regulation of pre-rRNA processing by the exosome [14, 15] . Although Nop53p does not degrade the RNA by itself, Nop53p binds 5.8S rRNA through the N-terminal region [15] . Taken all together, structure-functional identification of SF216 that was attempted in this study could provide novel and potentially useful information on this family of proteins conserved in many important pathogens.
Here, we present the crystal structure of the SF216 protein at the resolution of 1.7
A. The structure of SF216 represents a homotrimer stabilized by intersubunit interactions and ion-mediated electrostatic interactions. Each subunit consists of three antiparallel b-strands and five a-helices with the b-b-b-a-a-a-a-a topology. Based on the overall fold of SF216, we could expect and demonstrate that the protein shows a weak ribonuclease activity by fluorescence quenching assay. Furthermore, two putative hot spots for inhibitor binding on the surface of SF216 were identified using FTMap [16] .
Materials and methods

Cloning, expression, and purification
The gene encoding SF216 was amplified using genomic DNA from S. flexneri 5a M90T by polymerase chain reaction. The amplicon was cleaved by restriction enzymes (NdeI and XhoI) and cloned into the expression vector pET21a (Novagen, Madison, WI, USA) with a C-terminal hexa-histidine (His 6 ) tag for target protein purification. The recombinant plasmid was transformed into the E. coli strain BL21(DE3) Codon Plus for protein expression. The bacterial cells were grown in the Luria-Bertani (LB) medium at 37°C with shaking in the presence of 0.05 mgÁmL À1 ampicillin until optical density at 600 nm reached 0.6. Expression of the recombinant protein was then induced by the addition of 0.5 mM isopropyl-b-D-1 thiogalactopyranoside (IPTG) at 37°C. After 5 h of incubation, the cells were harvested by centrifugation at 5196 g for 10 min at 4°C. The cell pellet was resuspended in lysis buffer (20 mM Tris/HCl pH 7.2, 500 mM NaCl, 10 mM imidazole, 5% glycerol, 10 mM b-mercaptoethanol, 0.2% NP40) and lysed by ultrasonication on ice. The cell debris was pelleted by centrifugation at 7871 g for 40 min at 4°C. The soluble C-terminal His 6 -tagged SF216 was purified on a HisTrap FF column (GE Healthcare, Little Chalfont, UK) and eluted by an imidazole gradient (10-500 mM) in the same buffer. Fractions containing SF216 were pooled and dialyzed against the buffer consisting of 20 mM Tris/HCl pH 7.2, 50 mM NaCl, and 0.2 mM tris(2-carboxyethyl)phosphine (TCEP) and further purified on a Hiprep DEAE FF anion exchange column (GE Healthcare, Little Chalfont, UK) by means of a salt gradient (0.05-1.00 M). The concentrated target protein was subsequently purified by size exclusion chromatography (SEC; HiLoad 16/60 Superdex 200 column, GE Healthcare, Little Chalfont, UK) with the final buffer consisting of 20 mM Tris/HCl pH 7.2, 200 mM NaCl, and 0.2 mM TCEP (Fig. S2A, S2B) .
To determine the oligomeric state of SF216 in solution, bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa) were used as standard markers. The K av value was calculated from K av = (V e ÀV o ) / (V t ÀV o ), where V e , V o , and V t are the elution volume, the void volume, and the total bed volume, respectively (Fig. S2C) . The yield of pure SF216 was approximately 7.5 mgÁL À1 of bacterial culture, and concentration of the purified SF216 was measured using the UV method at 280 nm. The purity of the SF216 protein was confirmed by SDS/PAGE. Selenomethionine-labeled (SeMet) SF216 was produced in minimal medium supplemented with 100 mgÁL À1 lysine, phenylalanine, and threonine and 50 mgÁL À1 isoleucine, leucine, valine, and selenomethionine. The production and purification of the SeMet protein were conducted as described above.
Multi-angle light scattering (MALS) analysis
Purified SF216 proteins were loaded onto a size exclusion chromatography column (Superdex 75 Increase 10/300 GL; GE Healthcare, Little Chalfont, UK) that was connected with a MALS detector (DAWN HELEOS-II; Wyatt Technology, Santa Barbara, CA, USA) and a differential refractive index detector (Optilab T-Rex (RI); Wyatt Technology, Santa Barbara, CA, USA). The column was pre-equilibrated with the final buffer, and protein solutions were eluted at a flow rate of 0.5 mLÁmin À1 at 25°C. The weight averaged molar mass was calculated using the ASTRA 6 software (Wyatt Technology, Santa Barbara, CA, USA).
Crystallization
Crystals of SF216 were grown using the sitting-drop vapordiffusion method at 20°C. Initial crystallization conditions were screened using the sparse-matrix method [17] A (Fig. S2E ). Three protein molecules were in the asymmetric unit of the SF216 crystal, with the Matthews coefficient of 2.23 A 3 /Da [18] . Statistical analysis of the collected data is summarized in Table 1 .
Data collection, structure determination, and refinement
For collection of X-ray diffraction data, single crystals were immersed into the reservoir solution containing additional 5% of glycerol as a cryoprotectant and were immediately vitrified in liquid nitrogen. Diffraction data for the native SF216 crystals were collected at 100 K using the ADSC Q270 detector on a BL-7A at the Pohang Accelerator Laboratory (PAL; Pohang, Korea) with the following parameters: rotation angle, 1.0°; exposure time, 0.5 s; crystal-to-detector distance, 210 mm; and wavelength of the synchrotron X-ray beam, 0.97935 A. The data set for native SF216 was collected to 1.7 A resolution. A total of 250 frames were acquired, processed, and scaled using the HKL-2000 software suite [19] . X-ray diffraction data on SeMet-SF216 were collected at 100 K using an ADSC Quantum 315r CDD detector system on the BL-5C at the PAL (Pohang, Korea) with the following parameters: rotation angle, 0.5°; exposure time, 1.0 s; crystal-to-detector distance, 280 mm; and wavelength of the synchrotron X-ray beam, 0.97970 A. The data set was collected to 1.95 A resolution. A total of 720 frames were acquired, processed, and scaled using the HKL-2000 software suite [19] . The crystals of both native and SeMet-substituted SF216 belong to the space group C121 with the following unit-cell parameters: a = 87.399, b = 50.411, and c = 99.921
A and a = 87.978, b = 50.521, and c = 104.462
A, respectively. A set of single-wavelength anomalous diffraction data from a crystal of the SeMet-SF216 was used to solve the phase problem. The procedures such as data analysis, phase calculation, density modification, and initial model building were performed using the PHENIX Xtriage, AutoSol, and AutoBuild suite of programs [20] . Subsequent manual model building and the addition of magnesium ion, sulfate ion, and water molecules were carried out by manually using the WinCoot software [21] , and the model was refined in the PHE-NIX software with NCS restrains and secondary structure restrains, including bulk solvent correction [20] . R free was calculated by randomly setting aside 5% of the data [22] . The refined model was evaluated by means of MolProbity [23] . Structural deviations were calculated using Superpose [24] , and the solvent-accessible surface was calculated on the PISA web server [25] . Data collection and refinement statistics are summarized in Table 1 .
Ribonuclease activity
We performed the continuous fluorescence assay using RNaseAlert Kit (Integrated DNA Technologies, Coralville, IA, USA) to determine ribonuclease activity of SF216. Citrobacter freundii (OPX51847.1), Pectobacterium atrosepticum (CAG75214.1), Serrtia grimesii (KFB88882.1), Escherichia coli MS 116-1 (EFK16446.1), E. coli IS25 (CDK80148.1), E. coli MS 146-1 (EFK92633.1), Raoultella ornithinolytica (KIZ45901.1), Pectobacterium wasabiae (ACX86690.1), Klebsiella pneumoniae (ACI08754.1.), and Klebsiella quasipneumoniae (CDN02134.1). Asterisks (*), colons (:), and dots (.) indicate a fully conserved residue, strongly conserved residue, and weakly conserved residue, respectively. The secondary structure of SF216 was calculated by means of DSSP and the sequence alignment was performed using the Clustal X 2.1 software [40] ; the background color of the residues matches the default color parameters of Clustal X. (B) Overall structure of the monomeric SF216. Secondary structural components of SF216 (b1-3 and a1-5) are denoted. A view rotated 180°about the y-axis is also shown (right).
Synthetic RNA substrate (1 lM) that has a fluorescent substance on one end and a dark quencher on the other end was mixed with various concentrations of SF216 (1, 10, 20, 40 , and 100 lM). The reaction buffer containing 20 mM Tris/HCl pH 7.2, 200 mM NaCl, 0.2 mM TCEP was used. Relative fluorescence intensities of each concentration (RFU) were measured at 520 nm after excitation at 490 nm every minute for 2.5 h at 24°C. Increased fluorescence was monitored on a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek Instruments, Winooski, VT, USA). As negative controls, the same experiments were performed for RNA substrate with nuclease-free water, 100 lM SF216 at 60°C, and 100 lM SF216 after boiling (over 100°C). To validate negative controls, RNase A (5 9 10 À5 units) at 24°C, 60°C, and 100°C were used for fluorescence quenching assay. For the in vitro ribonuclease assay, various concentrations of SF216 (0.5, 1, 5, 10, 50, and 100 lM) were incubated with 2 lg of isolated RNA from mouse spleen at 37°C for 5 h. After incubation, each mixture was loaded onto 0.8% agarose gel. Nuclease-free water and of RNase A (5 9 10 À3 units) were used as a negative and positive controls, respectively.
Computational solvent mapping
Mapping was performed using the FTMap web server (http://ftmap.bu.edu) and FTSite web server (http:// ftsite.bu.edu). FTMap utilizes a fragment-based solventmapping algorithm to search the global protein surface for potential druggable 'hot spots' or consensus sites (CSs) by placing multiple copies of 16 different small organic solvent molecular probes on a protein surface by means of an efficient correlation approach based on the fast Fourier transform [16] . The resulting conformations were clustered, and overlapping clusters of different probes were defined as CSs. To identify druggable hot spots, the FTSite server was used. Its software analyzes the CSs detected using the FTMap server to identify and rank binding sites. The results were visualized in UCSF Chimera [26] and PyMOL and used for rendering the figures shown in this work.
Homolog searching
The Basic local alignment search tool (BLAST), a sequence similarity search program, was used to search for sequence homologs of SF216. We performed the BLAST search using two web servers, UniProt BLAST (www.uniprot.org/ blast), whose target database is UniProtKB, and NCBI BLAST (http://www.ncbi.nlm.nih.gov/blast), whose target database is nonredundant protein sequences with the blastp algorithm. Additionally, in order to search for structural homologs, we used the DALI web server [27] , which is a network service for comparing three-dimensional protein structures between the submitted coordinates of a query protein structure and a protein structure deposited in the Protein Data Bank (PDB).
Results
Sequence homologs of SF216
The results of BLAST searches show that the homologs of SF216 with over 50% of sequence identity are present only in the Enterobacteriaceae family. Particularly, a few species, including the S. flexneri strain 5b, Salmonella enterica serovar Typhi, and Typhimurium, have proteins with exactly the same sequence as SF216's (Fig. 1A) . Additionally, proteins with high sequence identity (over 60%) are present in Citrobacter, Pectobacterium, Serratia, Raoultella, Klebsiella, and Escherichia.
Crystal structure of SF216
The crystal structure of SF216 was determined by the single-wavelength anomalous diffraction method. The model of native SF216 was refined to R work /R free values of 20.6/23.8% for 1.7 A resolution data. The refined model of SF216 contained 334 residues from three subunits (chains A, B, and C) and 279 water molecules in the crystallographic asymmetric unit. The trimeric structure of SF216 in solution was also confirmed by size exclusion chromatography (SEC)-multiangle light scattering (MALS) analysis (Fig. S2C, S3 ). The three subunits form trimer with an interface area of 665 A 2 for each monomer, as calculated on the PISA server. Each monomer of SF216 consists of three b-strands (b1-b3) and five a-helices (a1-a5) adopting the b-b-b-a-a-a-a-a topology (Fig. 1B) . Electron densities of many residues (14 residues from A104 to K117 in subunit A, 15 residues from H103 to R119 in subunit B, and 17 residues from A101 to K117 in subunit C) between a4 and a5 were invisible mainly due to the intrinsically disordered properties of those regions predicted by PSIPRED [28] . The three b-strands form an antiparallel b-sheet, and four a-helices (a1-a4) form an up-and-down clockwise helical bundle. The structure of SF216 adopts an interesting trimeric conformation, which is stabilized by intersubunit interactions (via swapping of the single a-helices of each subunit). The short a-helices at the C terminus (a5s), which are mainly formed by positively charged residues, lay on the negatively charged b-sheets of adjacent subunits ( Fig. 2A,B) . That is, the short helices (a5s) of subunits A, B, and C interact with the b-sheets of subunits B, C, and A, respectively.
The trimeric interface of SF216 is formed mainly by the intersubunit interactions and ion-mediated electrostatic interactions. The hydrogen bonding networks between N-terminal loops and the adjacent a1s stabilize the trimeric structure of SF216. The side chains of Y5 of subunits A, B, and C form hydrogen bonds with T38 of subunits C, A, and B, respectively (Fig. 2C) . In addition, magnesium and sulfate ions are located at the center of the trimeric interface and interact with the residues from a1s of each subunit. Three tyrosine (Y30) residues of each subunit tightly interact with the magnesium ion, and the sulfate ion interacts with three valines (V35) and threonines (T38) of each subunit (Fig. 2C) . Finally, it is noteworthy that the a5s also support the trimeric structure of SF216 via both electrostatic and hydrophobic interactions. The side chains of R126 from a5s of subunits A, B, and C are located inside the negatively charged pocket formed by S13, D15, E17, T18, and E25 from b-sheets of subunits B, C, and A, respectively (Fig. 2D, left) . The hydrophobic interactions between the residues of a5s (L123 and F127) of each subunit and b-sheets (A11 and L20) of adjacent subunit also support the trimeric structure (Fig. 2D, right) .
Ribonuclease activity of SF216
We performed a structural similarity search with the DALI server [27] using the whole structure of SF216 trimer to identify structural homologs of SF216. The DALI search revealed that structures of SF216 were most similar to the C-terminal four helices of deltaclass glutathione transferase from Nilaparvata lugens [29] with a Z-score of 5.0 (Table S1 ). However, although four a-helices of SF216 matched the a-helices at the C terminus of GST (data not shown), two proteins have different oligomeric states. GST is a dimer and SF216 is a trimer, and this discrepancy suggests that the functions of those proteins are completely different.
Therefore, we focused on the overall fold of SF216 (i.e. similar to domain-swapped trimeric structure), and we could find that several ribonucleases, including barnase and RNase A, adopted domain-swapped trimeric structures under specific conditions (e.g. low pH and high protein concentration) (Fig. S4) [30, 31] . We performed a fluorescence quenching assay to check the ribonuclease activity of SF216. If RNA substrate is cleaved by SF216, fluorescent and quencher located in each end of the substrate were separated, resulting in increasing the fluorescence intensities. The fluorescence increased upon the addition of SF216, and the cleavage of RNA molecules significantly increased as the concentration of SF216 increased (Fig. 3A) . In order to confirm the ribonuclease activity of SF216 is not ascribed to nuclease contamination, we boiled the purified SF216 and carried out fluorescence quenching assay. RNase A, B, and C have been known to be thermostable which is demonstrated by that those RNases maintain their activity even after autoclave [32, 33] , and we confirmed that RNase A at 60°C and after boiling retained the ribonuclease activity (Fig. S5 ). In contrast, as shown in Fig. 3A , boiling (over 100°C) or heating (about 60°C) of SF216 resulted in abrogation of ribonuclease activity, suggesting that purified SF216 contained neglectable amounts of contaminant. Ribonuclease assay was also performed using RNA isolated from mouse spleen. The positive control showed complete degradation of the RNA substrate by RNase A (lane 2 in Fig. 3B ). Although low concentrations of SF216 could not degrade the RNA substrate, increasing amounts of the SF216 revealed ribonuclease activity and over 50 lM of SF216 completely degraded the RNA (Fig. 3B) .
Identification of druggable hot spots of SF216
In order to identify potential druggable pockets (putative hot spots) in the SF216 structure, we used the FTMap server and FTSite. FTMap identified 10 CSs (consensus sites) for probes on the SF216 surface: from CS1 (the largest CS with the largest number of probes) to CS10 (the smallest CS). The FTMap results revealed that CS1 is located at the top of the trimeric interface formed by the residues from the first a-helices (a1s) of each subunit (N41, S42, T43, and G44) (Fig. 4A,B) . The pocket is surrounded by the side chains of S2 from the N-terminal loops and of K69 from a3s of each subunit. Additionally, the two major druggable pockets are found in the monomer structure of SF216. The first hot spot has two discrete small pockets: one is a hydrophobic pocket (yellow probes in Fig. 4C,D , and E), and the other is a hydrophilic pocket (orange probes in Fig. 4C,D , and E). The hydrophobic pocket is mainly formed by I10, A11, and L12 from b1, whereas the hydrophilic residues-including D56 from a2 and R88, R89, E91, K93, and H95 from a4-are forming the hydrophilic pocket on the other side (Fig. 4C,D, bottom) . The second druggable pocket is mainly formed by hydrophobic residues from a1 (F31, V35, and M39) and from the flexible loop regions (Y5, L8, and F22) (Fig. 4C,D, top) . Moreover, the ligandbinding sites predicted by FTSite were identical to those identified by FTMap analysis (Fig. 4E) .
Discussion
We determined the high-resolution crystal structure of SF216 from S. flexneri 5a M90T. The proteins with the same sequence as SF216 are found in various Gramnegative bacteria, and many bacteria of Enterobacteriaceae family express similar proteins with SF216 which share more than 50% sequence identities. These sequence homologs of SF216 suggest that the protein may play an essential role in Gram-negative bacteria. SF216 forms a homotrimer, and each monomer consists of three bstrands (b1-b3) and five a-helices (a1-a5) adopting the b-b-b-a-a-a-a-a topology. The trimeric structure of SF216 is stabilized by the hydrophobic cluster, hydrogen bonding network, and electrostatic interactions. In the crystal structure of SF216, the last short helices (a5s) of each subunit are lying on b-sheets of adjacent subunits and interacting with loops between b1s and b2s. Domain swapping is a mechanism by which more than two proteins exchange identical structural units to form stable multimers [34] . Many ribonucleases form domain-swapped multimers, which are metastable and biologically active [35] . Although the most relevant oligomeric states of domain swapping in ribonucleases are dimers, many diverse domainswapped oligomers (e.g. trimer, tetramer, hexamer, and up to decatetramer) have been identified [36] . The barnase and RNase A, the most characterized ribonucleases, are originally monomeric proteins, but form trimeric domain-swapped structures in the specific conditions. In the barnase trimer, the N terminus of one molecule is associated with the C terminus of another molecule [30] , and the minor trimer of RNase A has the C-terminal short b-strand (9 residues) forming domain-swapping region [31] . The similar overall fold between SF216 and barnase/RNase A enables us to expect that the proteins may exhibit similar function. In addition, local distribution of the positively charged residues (Arg/Lys) implies that SF216 would be able to recognize nucleotides. SF216 has 21 Arg/ Lys residues in its monomer, and many of them are clustered and form a few positive patches on the surface (Fig. S6) . Based on the structural information and biochemical assays, we could demonstrate that SF216 shows a weak ribonuclease activity.
Generally, the druggable hot spots showed a concave topology and were formed by a mosaic-like pattern of hydrophobic and polar residues [37] . Thus, the druggable pockets are distinguishable from other regions of the protein surface and generally bind drug-like organic compounds with some polar functionality and a largely hydrophobic scaffold [38] . The results of FTMap revealed that one large druggable hot spot (CS1) is located at the top of the trimeric interface of SF216, suggesting that suitable molecules may affect the trimeric conformation of SF216. Possibility of the trimer-breaking molecules as drug candidates is clearly demonstrated by the inhibitor of tumor necrosis factor a (TNF-a) [39] , which binds to the intact biologically active trimer of TNF-a and accelerates the subunit dissociation rate thus leading to inactivation.
In this study, we could determine the homotrimeric structure of SF216, which adopts a similar conformation to a domain-swapped trimer. Based on the structural information, we could demonstrate that SF216 has weak ribonuclease activity. Although further functional studies to confirm SF216 as a bona fide ribonuclease should be performed, our studies have effectively contributed to the structure-based functional identification of this hypothetical protein. Table S1 . DALI search results of SF216.
